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The phonon frequencies of silicon carbide (SiC) dependon the atomic massesof the

constituent elements Si and C. In general, the frequency decreases, whenthe massof

one kind of atom is increased by isotopic substitution. Quantitatively, the frequency
shift Acv(q~ of a phononmodeof wavevector ~dependson howmuchof the energy
contained in that modeis carried by the sublattice of substituted atoms. This energy
is proportional to the square of the phononeigenvector leil according to [1]:

Acv(q)
_

AMi lei(q)1 (1)
ce'(q) ~ 2Mi

where AMi/Mi is the relative masschange of element i. By measuring Acv(q) one is

thus in the position to determine lei(q)1 for one of the sublattices (C or Si).

Wehave grown6H-, 4H-, and 15R-SiCpolytypes enriched to 839~:o with the 13C-isotope.

The frequencies of all Ramanactive phononmodeshave been measuredaccurately in

back-scattering geometry along the c-axis direction.

The absolute values of the carbon eigenvector ec for the transversal and longitudinal

branches as a function of the phononwavevector qevaluated with Eq. I are shownin

Figs. I and 2, respectively. For these flgures, the large Brillouin zone of 3C-SiC has

been used and the observed phononmodesof the different SiC polytypes are plotted

with q-vectors assigned by use of the zone folding concept[2]
.

The experimental data

are comparedto eigenvectors calculated with a linear chain modelemploying the force

constants given in the literature[2,3]. Goodagreement is observed for the transversal

modesin Fig. 1, whereas there are larger deviations for the longitudinal modes. We
discuss these deviations that are most probably due to deficiencies in the values of the

force constants used in Ref. [3].
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Fig.1: Absolute values of

the phonon eigenvector
lec(q)1 of carbon atoms for

the transversal modes as
derived from the isotope
shift of Ramanfrequen-
cies. Circles: TO-modes,
triangles: TA-modes. Lines

are calculated with a linear

chain model according to
[2]

.

Fig.2: Absolute values of

the phonon eigenvector
leo(q)1 of carbon atoms for

the longitudinal modesas
derived from the isotope
shift of Ramanfrequen-
cies. Circles: LO-modes,
triangles: LA-modes. Lines

are calculated with a linear

chain modelaccording to[3]
.
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in Modulation 6H-SiC.

SNakas:h~~l2 YNakatake YYan02,H.Harirna3
,
N.Ohrani4 andM.Katsun04

ipower Electronics Research Center, AIST, R&DAssociation for Future Electron Device~~ I-1-1

Umezono,Tsukube~lbaraki, 305-8568, Japan

2Deparmentof Electrical and Electronics Engineering, Miyazaki University, I- IGakuenKibanadai

Nishi, Miyazaki 889-2192, Japan

3Faculity of Engineering & Desigr~ Kyoto Instoytute of Technology, Matsgasaki Goshokaido-tyOL~

Kyoto 606-8585, Japan

4AdvancedTechnologyResearchLaboratories, NipponSteel Co. LtcL 20- IShintomi, Futtsl~ Chiba293-

8511, Japan

Electrical properties such as carrier concentration and mobility of serniconductors have mainly

beenstudied by Hall and C-Vmeasurementsso far. Recentstudies have demonstrated that the Raman
spectroscopy can also be used to characterize the electrical properties of polar serniconductors[1,2].

Ramanmicroprobe measmementhas agreat advantage for characterization ofthe electrical propenies of

local areas on the micron meter scale, becauseit is nondestructive andcontactless technique. Upto now
the Ramanmicroprobe has beenapolied to determirration of carrier density profiles of GaPdiode [3],

SiC wafers[4 1andaroundmicropipes in SiC L5]
.

In this workwehavemeasuredRamanirnages for LO-phononplasmoncoupled mode(LOPCM)
in modulation doped6HSiCcrystals anddeterrnined spatial distribution ofN~lonors. Fromthe analysis

of the Ramanprofile the dependenceof the canier mobility on the impurity concentration and the

residence time of the N2dopant gas on the suface of growing crystals afier switch-off of the doping gas

are infencd. The residence time thus inferred is in agreementwith that estinnated fiom the test of the

fUrnace system.

6HSiC crystals were grownby modified-Lely method. Modulation doping wasmadeby on-off

switch of the N2gas [6] so that the dopedimpurity has astep -like distribution as shownin Fig. 1(a).

Thesuface of the sampleused is (OOO1). Ramanspectra weremeasuredusing a tnple spectrometer

(~0.6 m)with an imageexpander of 2magnificaion and a cooled CCDdetector. One-dirnensional

imagesof the LOPCMwere obtained using an optical microscope. Laser beamwaslinearly expanded

with acylindrical lens and illuminated on the samplesurfaces
.

The measured line shape of the LOPCMwas fitted to the theoretical curve using carrier

concentration (n) and mobility (u) as adjustable parameters[7]. The canier concentration thus

determined is plotted as a function of the distance in Fig. l(b). Thecarrier concentration rises steeply after
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the dopant-gas supply anddecreases slowly aiter the stop of the gas. Thetransition region betweenthe

dopedandundopedzones is -20 umin the switch-off case and-8umin the switefhon case. Tbis result

indicates that N2gas remains for awhile after the stop of the dopant-gas supply. Theresidence time of

N2gas onsurface of the growing crystals nferred fiom the width of the transition region and tbe growth

rate (Imm/h) is 74 s, which is in close agreementwith that (75 s) determined in advancefiom the test

ofthe growth fumace. Therelationship betweenthe carrier mobility andconcentration is also obtained

by the line shapeanalysis ofthe LOPCM.
Theabove results dernonstrate that Rarnanmicroprobe imagillg is usefill to analyze the doping

process of impurity in bulk andepitaxial SiC.
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An important problem for fabricating variety of SiC-based electronic devices is to find

suitable electrode materials with their processing technique to obtain low-resistance (ohmic)

contacts with SiC Iayers. Obviously, the contact resistance depends on the electrode-SiC

interface reactions. Therefore, in order to reveal the mechanismsfor lowering the contact

resistance, it is crucial to probe the interface reactions at various processing conditions.

A commonmethod for this purpose is bombarding charged particles to extract relative

abundanceof constituent elements; i.e., Auger-electron spectroscopy (AES), secondary ion

mass spectrometry (SIMS), and Rutherford back scattering (RBS). These methods are,

however, all destructive, expensive, and sometimesvery time-consuming. Wewould like to

propose here a Ramanscattering technique that provides an easy test for interface reactions.

It is an optical method, therefore, non-destructive, and enables 2-dimensional analysis with

micrometer resolution, which is suitable for diagnosis of future integrated circuits.

Here we selected Ti or Ni as a standard electrode material. The metallic layer was
deposited in vacuumon 6H-SiC commercial wafers (both sides polished). Both Si- and

C-faces were tested for deposition, changing the metallic-layer width, annealing gas species

(N2 or Ar), temperature (500-1 1OO'C)and time. The Ramanspectra were observed at room
temperature by back scattering using amicroscope. TheAr+ Iaser line at 5145 Awasused for

excitation. Figure I showsa typical result for Ti/SiC, annealed in Ar at IOOO'Cfor 5min.
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Here, (a) showsa result whenTi was deposited on SiC (C-face), and the probe laser was

focused on the electrode top surface, while (c) was observed whenthe probe laser was

focused through the SiC Iayer on the Ti/SiC interface. Thespectrum (b) wasobtained like (c),

but the Si-face was selected for Ti-deposition. The optical arrangement like (b) or (c) is

possible becauseof the large bandgap nature of SiC, which is an important advantage in our

optical detection as mentioned below. The commonsharp peaks in (b) and (c) are phonon

signals of SiC. Figure I shows distinctly different features depending on the observed

portions; (a) is dominated by broad peaks for TiCl_~
,

while (c), enhancedin scale in Fig.2,

showsfaint but sharp structures ascribed to TiSi2. Contrary to (c), Ti/SiC (Si-face) interface

showsstrong Ti02 signals as depicted in Fig.1 (b).

These results showvarious findings for this annealing condition; First, decomposition of

SiC is enhanced at the C-face, which promotes Ti-silicidation reaction. Onthe contrary,

Ti-oxidation due to inevitable oxygen impurities incorporated in the annealing process is

promotedon the Si-face. Second, carbon atoms reach the top surface of electrode by thermal

diffusion, which reflects superior diffusivity of carbon atoms than Si in Ti.
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A series of Al ion-implanted and C'-Al' co-implanted 4H-SiC epilayers have been studied by optical
transmission (OT), micro-Raman scattering and Fourier transform intrared (FTIR) spectroscopy
measurements.The damageand amorphization of SiC Iayer by ion-implantation, and the elimination

or suppression of the implantation induced amorphous layer via high temperature anneaiing are
evidenced. The recovery of the crystallinity and the activat[on ofthe implant acceptors are confirmed.

SiC is a promising material for electronic and optoelectronic devices operating in high
temperature, high powerand other extreme envirouments. In recent years, muchprogress has
been madein the research and development of 6H- and 4H-SiC materials and devices, for
which, a critical issue is the doping technique. It is limited to use conventional dlffusion
methods to produce the SiC-based p-n junction and devices due to the very low thermal
diffusion coefficient. The ion implantation into SiC appears to be the primary method to
produce selective structured p-doped layers. Al is a preferred acceptor in SiC due to its lower
activation (ionization) energy (0.24 eV). In order to improve the effrciency of Al' to
substitute Si atom sites, co-implantation of Cions is expected to enhanceto break the balance
of stochiometry towards Cenrichment and thus improve the chance of Al dopants to settle at
Si atom sites. Ion implantation can cause severe damageof the crystallinity. Post-annealing is

necessary for crystal recovery and electrical activation of implanted species. In this paper,
investigation is focused to analyze the effects of Al' and C'-Al' implanted/annealed 4H-SiC,
and to establish the correlation of their optical, surface and interface properties with process.

Experimental samples are epitaxially grown n~/n'
H_sic epi- n-/n'

4H-SiC/4H-SiC. Multiple-energy implantation. 65- ' 300K ~,,,,1'1""'d *.)

196 KeVfor Al ions and 32-160 KeVfor Cions, at
I-"'f'l""'d

roomtemperature (RT), were carried out to obtain a : 6* ,,,,,, (d)\box-like implantation profile. C ions were
implanted preceding Al ions. Annealing in an

Al'c ,,,,pi,,.,.,i

*,,*, t*)

ultrahigh purity Argon ambient in a conventional Al/c i*Pl"d(b)

furnace was performed at 1550 'C for 30 min. By A~i~pl**'d(')

meansof UV-Visible OT, micro-Ramanand FTIR 3

spectroscopy
,

the surface and subsurface wavelengt h(nm1
modifications induced by ion implantation andpost- Fig• I OTspectra recorded on as-implanted (a)-(b). post-

annealing are examined. implantation annealed (c)-(d). and one vir_~in (e) 4H-Sic

Fig. I showsoptical tran'smission spectra, indicating the damageand amorphization of SiC
layer by ion-implantation, for A1' implanted, in (a), and Al'/C' co-implanted, in (b), samples.
After 1550'C annealing, a sharp transition edge near 360 nm(3.4 eV) appears, as shownin
(c) and (d). It presents the optical absorption gap of crystallin~ 4H-SiC, in comparison with
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the OT spectrum from a virgin sample, in (e).

Therefore the elimination or suppression of the
.

*1-c'.i~,pl*'d(d) :
implantation induced amorphous layer via high - •- ^-•

'-"**-""~•"•
• ^ - •-'-=? ~~~~~*'*~~' + * ** "~+ * **'* ' '

E(To)
temperature (HT) annealing is evidenced d ' '\1- ,

. - E(TA) !15~o ='* **1*d (*]j"
Fig. 2shows micro-Ramanmeasurementson four ~ /lo lA tL'.'= '

' ^1 '**Pl***d (b)

samples. It is seen that after Al' implantation at RT, ~ si'si c-c - _ ,

only weak peaks and two broad bands are
observable. These broad bands at -500 cm~1and
1400 cm~1are typical for amorphousSiC indicating

RamanShitt (.,**-')
the damage of 4H-SIC crystallinity and the

formation of an amor hous hase After HT Fig• 2 comparative Ramanscatteri'l~_ t'or implantedP P • and annea]ed4H-Sic.
annealing. Ramanspectra close to that of crystalline

4H-SiCappear, predicting the recovery ofthe SiC crystalline structure.

Figure 3 exhibits the IR reflectance for four ~:
4H-Sic *pi- ,",, 300 K

implanted samples and a virgin (un-implanted) one
~:~

uni*"planted
' ~5

-' - Al/C implanted_ annealedSignificant variations are seen afier both Al/C and ~ - ' - Al/C implanted. ~nanneal
Al implantation, comparing with the un-implanted e~~).

-' ' Al i**'planted. a~"ealed
' Al i"Ipla'*t*d ~*annealed

one, especially in reststrahlen band: the intensity ~ '

decreases greatly; one notch at 934 cm~1, with the ~b
\/ /\./\/\/\

minimumas low as 300/0, becomesa dominant
20 /feature in the reststrahlen band. However. HT 934 crrf

annealina recovered the ontical behaviour both in Dc' l! ' eoo 800 Iooo 1200 1400 1600 1800 2000
intensity and line shape, but in different degree. "' ' ' ~"

Figure 3 IR reflectance spect*a l~rom Ar and C'/Ar

To explain these experimental findings we have unplanted/annealed n-/n+ epitaxial 4H-SiC. and an
' untmplanted sampte tor con'parison

developed a multiple-layered model and applied to
the reflectance profiles. Samples are defined as three-layer structural matrix in the
configuration of amorphouslayer/crystalline 4H-SiC/substrate. For amorphousSiC, the Si-C
stretching mostly appears as a broad band in IR absorption, and it is treated as an adjustable

parameter in the fitting process. Thereststrahlen bandcan be fitted by the classical dispersion
theory with proper choice ofthe dispersion parameters related to the materials properties.

Our detailed simulation and analysis have produced significant results. The notch at 934 cm~
was found to. originate from amorphousSiC, i.e. a continuous buried amorphouslayer close
the surface. The Si-C stretching frequency derived from fitting is at 780cm~1, which is

consistent with previous results in a-SiC:H films. The thickness of amorphized layer derived
from FTIR fitting is about 0.32 umfor Al/C co-implanted and 0.35 um fbr Al single

implanted samples. After HT annealing, the structural matrix in the implanted region
changes from arnorphous phase into crystalline one with high carrier concentration. Acceptor
activation is evidenced by the increas~ of the plasma frequ9ncy, cop, up to 600 cm~I

(corresponding to N=1.3xl019cm~3)afier annealing. Better recovery of optical properties in

Al/C co-implanted than Al single implanted sample is verified. The correlation is established
betweenthe observed variation of optical, surface and interface properties with the structural

modifications induced by implantation and annealing. All theSe results indicate that high
temperature annealing successfully refieshes the 4H-SiCcrystallinity, even though the degree
of recovery strongly dependson implantation conditions.
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GaNhas long beenconsidered as a promising material for semiconductor device applications

due to its unique electronic and mechanical properties and has been the focus of intensive
studies in the resent years. With a direct wide band-gap and high thermal stability, GaNis a
suitable material for the blue and near-UV Iight emitting devices and high temperature
electronics [1]. However, the major difficulty that has hindered GaNepilayer research and its

commercial applications is the lack of a suitable substrate material that is lattice-matched and
thermally compatible with GaN.Nevertheless, GaNhas beengrowncommonlyon SiC. ZnO
andAl203. In fact, several other materials have also beenused as the substrate, but the optical

and electrical properties of the grownepilayers have not beensatisfactory. GaNbulk material
itself is the best choice as the substrate material, however, there has hardly been any success
in the growth of goodquality bulk GaN,which is mainly due to the high melting temperature
of GaNand low reactivity between gallium and nitrogen. Moreover, in spite of the

technological perspective of this material, only little work has been performed on the

fundamental properties of GaNcomparedto the other 111-V semiconductors, which is partly

due to the unavailability of goodGaNcrystals. Underambient conditions, GaNcrystallizes in

the hexagonal wurtzite (2H) structure with the space group C64.
'

However, someepitaxial

growths have also resulted in cubic zinc blend (3C) structures. The two structures basically
differ in the stacking of the Ga-Nbilayers perpendicular to the hexagonal [OOOl] and cubic
[1 1I] directions, respectively. Recently, there has been somesuccess in the growth of large
size 2Hbulk GaNwith good crystalline qualities. In this paper, wereport, for the first time,

somebasic characterization of 2Hbulk GaNcrystal in a view to understand the fundamental
vibronic and electric properties of this material, studied by polarization-dependent Raman
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scattering technique under various scattering

configurations. The as-grown GaNcrystal was cut
E="

in to a 0.5 mmthick, I cmsquare-shaped wafer and

was mirror polished for better scattering. Raman
scattering studies were performed under various
scattering configurations at roomtemperature. GaN (1)

~.E
is transparent to the probing laser wavelength :' z(y,y)-z

(514.5 nm), which brings an advantage of large
~::(Qc:L

scattering volume, resulting in strong scattering ~: A,(To)
intensities. Dueto the momentumconservation, the ~;

x( y, y)-x
~10rsrrt~osrpdoenrdin~:~tahne rS;:;nttru(km_ OS)~0lnWihePwuchortnzoint:

_
•

_ .

•

_
E,(To)

structure, the group theory predicts eight types of
x(y,z)-x

phonons, 2Al, 2E1, 2Bl, and 2E2, out of which IAl
and IEI modesare acoustic and the rest are optic.

520 540 560 580 600Dependingupon the scattering configuration, all or

some of these optic phonons along with various RamanShift (cm~1)

combination modescan be observed in a Raman
spectrum. Taking the z direction along the c-axis,

Fig. I Someof the Ramanspectra in the
an unpolarized scattering in the backscattering lspectral range of 520 to 580 cm~
geometry can be described by the combined from bulk GaNin the indicated
configuration [x(y,y)-x + x(y,z)-x], where the scattering configurations

.

symbols, frorn left to right, outside the bracket
indicate the direction of incident and scattered light

and inside bracket indicate the polarization direction of incident and scattered light,

respectively. Figure I shows a Ramanspectrum measuredfrom bulk GaNcrystal in the

[x(y,y)-x + x(y,z)-x] scattering configuration. The details of phononstructures between520
and 580 cm~1are displayed in the inset. TheLOmodesin Ramanspectrum have very weak
intensity, which indicates that the sample has large charge carriers, which screen the LO
phonons. Although a phonon-plasmoncoupled modecould not be observed, it wasotherwise
confirmed that the samplehas a charge carrier density of about 1018 cm~3. The low-frequency
E2modeshowsfairly small line width, indicating long lifetime. Wecould not observe the Bl
modesin our experiments, probably due to their weakintensities. Figure I displays all other
first-order optic phonons and various combination modes along with their frequency
positions. The origin of an unidentified mode assigned by asterisk (*) could not be
understood at this tirne. Further, Ramanscattering experiments were performed in various
scattering configurations, where a weakEl(LO) phononmodewas observed with z(x,x)-z

scattering configuration, the A1(TO) modewas observed in both x(y,y)-x and x(z,z)-x

scattering configurations and the El(TO) modewas observed in both x(y,z)-x and x(y,z)y
scattering configurations. The E2 modes were observed in four different scattering

configurations. Figure 2displays Ramanspectra between520 and 580 cm~1in three different

scattering configurations. The assignment of all observed modes and their frequency
positions are in good agreement with those reported earlier [2] for wurtzite GaNcrystal,

which wasnot bulk, but epitaxially growncrystal.

[1] S. Nakamura,Solid Stat Commun.102, 237 (1997).
[2] H. Siegle, G. Kaczmarczyk, L. Filippidis, A. P. Litvinchuk, A. Hoffmann and C

Thomsen,Phys. Rev. B55, 7000 (1997).
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Optical absorption at the edge of the fundamental bandgapis an important parameter
for various characterization techniques where excitation effect is employed. In silicon carbide

(SiC) optical excitation is relatively weakdue to the indirect bandgapnature of this material,

and therefore assessment of the band to band absorption coefficient oebb becomes a
complicated issue. Conventional methods like transmission or photo-thermal deflection can
detect only the overall absorption of the incident radiation. Suchmeasurementsrequire thick

samples, thus high quality but thin SiC epilayers appear to be beyond the sensitivity limits.

On the other hand, available bulk SiC samples are usually moderately or heavily doped,

making measurementsof the intrinsic absorption edge strongly influenced by intra-band

transitions of the extrinsic free-carriers. As a consequence, an intrinsic band tail and doping-

induced band-gapnarrowing in different SiC polytypes are not determined yet.

In this paper wepresent optically induced free-carrier absorption (FCA) as a sensitive

tool to analyze spectral dependencies of the band to band absorption coefficient oebb(hv) for

photon energies h\' near andbelow the indirect bandgap. Themajor advantage of this method
is that absorption coefficient oCbb could be studied in high-quality low-doped SiC epilayers

avoiding interference with the extrinsic free-carrier absorption. Another benefit comesfrom
the fact that the FCAcross-section aeh for the IR-light used to probe SiC is rather large for a
specific polarization [1] allowing the detection of very small absorption coefficients possible.

Moreover, a linear relationship betweenFCAand the injected carrier density in SiC polytypes

has beenproven over a wide injection range (1013_1019cm~3)and a wide temperature interval.

In addition, due to a tight focusing of the probe beamdownto a few microns relatively high
spatial resolution could be achieved even for thin epilayer samples. TheFCAtechnique with
variable excitation spectrum has been already applied to crystalline silicon, where a perfect

agreementbetweenthe measuredand literature reported oebb(hv) values has beenobtained [2].

In this work, FCAmeasurementswere performed on the high-quality (>500 ns
lifetime at room tem erature) free-standing 4H and 6H epilayers with extrinsic carriers1?

concentrations of 10 cm~3. Perpendicular pump-probe measurementgeometry has been
applied as shownin the insert of Fig. I . A short exciting laser pulse from a tunable optical-

parametric-oscillator (OPO)penetrates the sample from the narrow facet. Excited free-carriers

concentration is detected by the FCAof the I .3 umprobe beamaligned parallel to the

excitation surface. The advantage of such configuration is that both E Il c and E I c
measurementscan be performed while the polarization of the excitation light is rotated. The
amplitude of the FCAsignal is proportional to the photo-generated carrier density according

to the relation: AoeFCA= oehAn= I~•(1-R)•ocbb(hv)•exp(cx;t*t(hv)•x), whereAn is concentration of
the excited carriers, Io

- density of the incident phonons, R-
reflectivity and x - the distance

from the excited facet. The total absorption is octot(hv) = abb(hv) + oetc(hv), where cefe(hv)

stands for an extrinsic free-carrier absorption and is assumedto be negligible in the vicinity of

-219-



40o
20

Wavelength (nm)
390 380 370 360 350

15

~
E
o 10

~_c\l

~D
~:

~S 5

o

1oo

~= 10'E

o~~1~5

0.1

Motorized

scan

FCAprobe

O
opoexcitation O R

~)e ReJ,QO
eL)

eOeee ~~r

o

E-E +1A
g ex

eoEEIAeg "~ oo

o E -E
eo ~ "o

e
e

~
R

o

oo oo

o

o

4H-SiC
e 297K
R 75K
o Ref[3]

3.1 3.4 3.53.2 3.3

Energy (eV)

Fig. I .
Bandto bandabsorption coefficient oebb versus the excitation

energy in 4H-SiCat 75 and 297 K. Inset
- measurementgeometry.

the in jected facet, since

[oetot(hv)•x] I .
More detailed

considerations about the

technique are provided in Ref.
[2].

Fig. I shows the

measured oebb(hv) dependencies
in 4H-SiC for E I c at the

temperatures 75 and 297 K. In
the high-energy range (>3.35 eV)
the absolute oebb values were
extracted from the exponential
penetration slopes. The low
energy part of the spectra was
determined in the vicinity of the

excitation facet where the FCA
amplitude ACCFCAWascalibrated

with the high-energy cebb values.

Our data at high energies are
comparable to those obtained by
conventional ' 'transrmssron

measurementsfor n-type 4HSiC
boule slice with a dopin_~

16concentration of about 10 cm
[3] (open symbols in the plot).

However, the low-energy side of
these published spectra exhibits

an interference with extrinsic

free-carrier absorption due to the

relatively high doping. In the

same region around the band
edge weare able to detect nearly

two orders of magnitude smaller oebb Values. Despite the relatively low spectral resolution in

our measurement(around 25 meV)the main sharp feature in our spectra at 75 Ksuggests the

absorption step to the 76 meVLA phonon(loger arrow near the Eg-Eex+LAindication). This

most pronounce singularity wasas well observed in the differential absorption spectra at 2K
[4]. At room temperature a wide tail rises up in the low energy side of the spectra and we
assign this feature to the emission of the sameLA phonons. Thus the middle point between
two step features (indicated by EgEex+LAand EgEex~LAwith short arrows) could be
estimated as the excitonic band gap Eg-E** = 3.255 eV of the 4H-SiC which is in good
agreementwith a value extrapolated from PLmeasurement[5]

.
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